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ABSTRACT 


A two-dimensional numerical model of the inversion -layer metal -insulator - 
semiconductor (IL/MIS) solar cell is proposed by using finite difference method. The 
two-dimensional current flow in the device is taken into account in this model. The 
electrostatic potential distribution, the electron concentration distribution and the hole 
concentration distribution for different terminal voltages are simulated. The results of 
sample calculation are presented. The existing problems for this model are addressed. The 
future work is proposed. In addition, the MIS structures are studied and some of the 
results are reported. 



Introduction 


Conventional silicon solar cells using diffused p-n junctions have conversion 
efficiencies far below the theoretical values of efficiencies (18-22%) [1], The first major 
reason is that p-n junction solar cells have high space charge layer recombination which 
make the I-V characteristics of the cells different from those of ideal junctions. The second 
major reason is that there are difficulties in controlling very shallow p-n junctions. 

Inversion-layer metal-insulator-semiconductor (IL/MIS) solar cells are viable 
alternatives to conventional diffused p-n junction solar cells. The advantage of IL/MIS 
cells is that the processing is of low temperature and there is no diffusion -induced crystal 
damage inherent in diffused p-n junction solar cells. The "dead layer" found at the 
surface of many p-n junction cells does not exist in IL/MIS devices. 

In order to fully understand the operation of an inversion layer solar cell and to 
have higher efficiency, modeling of IL/MIS cells is needed. So far, however, only several 
modelings of these devices have been published [2,3,4]. 

Norman and Thomas [2] have extensively modeled these devices. They introduced a 
pseudo two-dimensional model. There are two major points in their approach. First, they 
considered that IL/MIS cells can be treated as a one -dimensional structure. Second, the 
two dimensional effects are taken into account by electrically connecting these 
one-dimensional slices in series with the sheet resistance of the inversion layer of the cell. 
In each one -dimensional slice the semiconductor equations are solved numerically using 
finite difference method. 

Godfrey and Green [3] introduced an important design parameter A which 
characterizes the measured short-circuit current of the IL/MIS solar cell. It can be used to 
replace the sheet resistance of the inversion layer to determine the spacing of the grid lines 
for good IL/MIS solar cell performance. 

Miller and Olson [4] have developed theoretical models to calculate the IL/MIS cells 
by solving the two-dimensional steady-state diffusion equation. 
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However, there exists no two-dimensional model which includes all the 
two-dimensional semiconductor equations for the IL/MIS solar cells. Our main goal of this 
study is to develop this model. In our approach we have been trying to solve 
two-dimensional Poisson’s equations, continuity equation for electrons and continuity 
equation for holes by using finite difference method. The overall objective of the work is to 
identify and to characterize various mechanisms which tend to limit the conversion 
efficiency of the IL/MIS solar cells. This will be accomplished through a solution of the 
fundamental device equations including the effects of the Si-SiC >2 interface charges. An 
external generation rate due to the full spectrum solar irradiance will also be included. 

2. THEORY AND STRUCTURES OF THE IL/MIS SOLAR CELLS 

Theory and design consideration for IL/MIS cells have been extensively discussed 
elsewhere [l]-[4]. The basic structure of an IL/MIS solar cells, shown in Figure 1, consists 
of a p-Si substrate with a sintered aluminum back contact, a photolithographically 
defined metal -insulator -semiconductor front contact in the form of a grating, and a thick 
oxide/antireflection coating. The main function of the oxide in an IL/MIS solar cell is to 
induce an inversion layer at the surface of the p-Si substrate and to form an ideal n + -p 
junction. This inversion layer is formed through the action of positive charges trapped in 
the oxide during fabrication. 

The surface state charge, Q , which is considered to be associated with excess 

bb 

silicon close to the SiC^-Si interface, is the principle charge in thermal oxide, which creates 
an inversion layer in the regions between the grid lines. Q is a direct function of silicon 

bb 

orientation and the oxidation linear rate constant. The value of Q is highest on < 1 1 1 > 

bb 

oriented substrates and can be changed over a wide range by heat treatment in dry oxygen. 
Q gg also depends on the oxidizing ambient final temperature. The values of Q gg increase 
with decreasing temperature. The process of oxide annealing for a particular time in an 
ambient with different chemicals will also affect the values of Q [5]. 

Du 
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The minority carriers (electrons in this case) generated in the p-type silicon 
substrate are collected vertically and then flow along the inversion layer to the MIS 
contacts, which is shown in Figure 2. In order to collect electrons more effectively we 
have to place the MIS contacts close enough to ensure that minority carriers can be 
collected by the contacts. Typically, the MIS contacts are spaced in a distance which is 
close to the values of diffusion length of the minority carriers (50-120 micrometers). To 
optimize the trade-off between grid shading and high sheet resistance in the inversion layer 
of the cell, we should carefully choose the grid finger spacing. 

One of the most important parts of the inversion layer MIS cell is the MIS contact. 
Thin oxide layers can be grown in the contact windows. Unlike thin metal MIS solar cells, 
the grid MIS contact used in IL/MIS cells is always under dark conditions due to the 
thickness of the metal on the top of the thin oxide layer. Since MIS contacts are very 
important a detailed study is needed to characterize these grid diodes. The MIS structures 
under solar irradiance conditions have been investigated. The research results are in 
Appendix A. For calculation of dark currents the analytical model used in Appendix A is 
still valid if the terms of the expressions in this model, which are related to sunlight, are 
removed. The detailed calculations and the numerical results for the study of the MIS 
contacts under dark conditions will be presented in subsequent reports of a full account of 
this work. 


3. NUMERICAL MODEL 

3.1 Semiconductor Equations 

Poisson’s equation can be written as 

V 2 ^ = _fl(p_ n + N d -N a ) (1) 

where ip is the electrostatic potential, p and n are hole and electron concentrations, and N< 
and N are the ionized donor and acceptor concentrations. The steady -state continuity 
equations for electrons and holes, respectively, are given by 
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( 2 ) 




+ R n 


I V . J = G_ - R 

q p p p 

The electron and hole transport equations can be expressed by 

J n = _< 1 V 1 ^ + q D n Vn 

Jp = -q^ p pV^-qD p Vp 


( 3 ) 

( 4 ) 

( 5 ) 


In eqs. (2) and (3) R n and are the net recombination rates of electrons and 
holes, respectively. G n and G are photogeneration rate of electrons and holes, 

*■ i 

respectively. 

If we assume that G n = Gp = G, then the generation rate in the IL/MIS cell is 
calculated by 


G(x) = /[I - R(A)] a(A)N m (A) exp[-a(A)x]dA (6) 

0 

where N m (A) represents the incident photon density or the air mass m photon flux 
spectrum, R(A) is the optical reflection of the IL/MIS cell’s front surface at wavelength A, 
o(A) is the absorption coefficient, and the integration includes all wavelengths in the solar 
spectrum (from A = 200 nm to A = 1200 nm) with energy greater than the bandgap of 
silicon. 


The recombination rate is described by the Shocky -Read -Hall recombination theory 
via trapping center, which can be written as 

2 

pn " n i 

R = ( n + n i) r p + (p+m)^ 

where r and are the hole and electrons lifetimes which depend on the positions. In the 
bulk eq. (7) can be simplified to 

R = — (8) 

where can be assumed to be a constant. 
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Figure 2. Schematic Diagram of the Electron Current Flow in an MIS Inversion 
Layer Solar Cdl 
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Discretization of the Semiconductor Equations with Finite Differences 



The node structure used in this work is rectangular with nonuniform spacing in the 
horizontal and vertical directions, which is shown in Figure 3. The continuous form of 
Poisson’s equation in two dimensions can be approximated by the difference equation 
which can be expressed by 


h i + h i-i 


k. +k. 


W— *.j-l + 257^- Vl j 


k .i +k .R | k .i +k .i-l , h i + Vl | h i +h i-l l^ 

2hj + 2h w + 2kj + 2k H Jn,j 


k; +k ; 


i-1 

h; +h ; 


xv * u< -r xt* i 

_J =1 w, + -J 1=1 w, 

i + 2 k j \j+l 


- (n. . - p. . - N. .) 

V 1,J F bJ i,T 2 


h- -j- h- 1 k - - 1 - k - -j 

l i—l 11—1 
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The discretized form of continuity equation for electrons can be written as 




h i-l+ h i 




k • 1 + k. 

n. -D . , . B (ib. , .-ip. .) -far L 

bJ n 1-4 ,j '*1-1, j r i,y 2h i _ 1 


h; 1+ h. 


+ \j [ D n|i>j - i B ^i,j ^ijj— 1^ 2kj —1 


+ D. 
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+ D 
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k H + k .i 


n i+l,j D n i+y B ^i+l,j ^i,P 2hj 


- n. • . , D 
i,j+l n 


h i-i+ h i 


i,j + i B ^i,j+l - *i,j> TiT 


J 


(1-W+ hi)(Vl + k j) p ( h i-l+ h i)( k H + k i> 
+ K U 4 -°i,j 4 

where B(x) is the Bernouli function which is given by 

B( x ) = 


e x -l 


( 10 ) 


( 11 ) 


Similarly, we can write the discretized continuity equation for holes 


3.3 Discretization of Boundary Equations 

At the interface between the semiconductor and oxide we can apply Gauss’ law in 
differential form to the boundary and obtain 


£ si 


djj)_ 

dn 


si ox dk 


OX 


Q =0 

^ss 


( 12 ) 
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n denotes the unit normal vector on the interface, and e ■ and e are the permittivity of 

L>1 (Ja 

-» 

silicon and oxide, respectively. Q represents the interface charges. Using y to replace n 

ss 


we have 

G sifjr 

Scaling the above equation we have 
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— e 


si 


ox o y 


ox 


-Q = 0 
^ss 


E si3y|si e ° x ^|ox QlNT 0 


(13) 


(14) 


and 


Q INT“ Q ss y 


(15) 


/ 7~2 kT 

where x Q = V e g kT/q m and = — , which are scaling factors. 

The partial derivatives can be expressed by difference expressions and can be 
written as 


_ fhi : in | k .i-i ii 

2 5y 2 
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E 
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si 


bJ 
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(16) 


(17) 


(18) 


^:.i : V 1 : H>1 1 : 


c ft 



h. h. , 

i i-l 

« 2 
dy 

OX 

i 

i 

h. .+ h. 

L 1—1 1 J 


(19) 


Substituting Eqs. (18) and (19) into Eqs. (16) and (17), respectively, and 
rearranging Eq. (14), we obtain 
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Rearranging Eq. (20) leads to 
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( 21 ) 


2 ^INT 

At the oxide-semiconductor interface, the discrete form of the steady— state 
continuity equation for electrons can be written as 
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+ D 


n 


k H 


2hj_ x 


+ D n 
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Similarly we can obtain the discrete form of continuity equation for holes at the 

interface. 

The discretized Poisson’s equation at the left— size wall of the device can be derived 
as follows: 


H»j 

From the above equation we obtain 

di 


h i+ h i-l 
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(24) 


Let h^ = hj, then ^ = h-- Poisson’s equation at the left— side wall becomes 
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(25) 


Similarly, at the right-size wall of the device, the discretized Poisson’s equation 


becomes 
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At the left— side and the right-side walls the following boundary condition holds: 


j n .;=o 
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(28) 

(29) 

(30) 


Eq. (29) can be interpreted as 


nx 


i±jbi + J nxli-jj = Q 
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Finally, at the left— side wall the discretized continuity equation for electrons can be 
written as 
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Similarly, we can obtain the discrete form of continuity equation for holes at the 
left— side wall. The same discretization procedure can be applied to the right-side wall of 
the device. 

3.4 Gummel’s Method 

Gummel’s method [8] is the most commonly used method for getting consistent 
solutions to the semiconductor equations (the Poisson’s equation and continuity equations). 
This method can be described as follows: 

1. Beginning with an initial approximation ip^ in the electrostatic potential 
and initial values of carrier concentrations (n^ — ^ and p^ — ^), the Poisson’s 
equation is solved for ip. 

2. Using the new potential and appropriate carrier statistics (Boltzmann or 
Fermi— Dirac) the values of n and p are updated and the Poisson’s equation is 
solved again. These computations are repeated until the potential change is 
below the tolerance. 

3. In the previous step we assume that the quasi— Fermi level is fixed for 
updating the values of n and p. In fact we must calculate the quasi— Fermi 
level because it is unknown. This is done by the continuity equations and 
updating the values of n and p without changing the potentials. 

4. Using the new values of n and p the Poisson’s equation is solved again. 

5. Finally potentials and the values of n and p converge and are consistent with 
the Poisson’s equation and with the continuity equations. 

In summary, this decoupled approach requires 

a) the solution of Poisson’s equation 

b) the solution of linearized Poisson’s equation 

c) the solution of continuity equation for electrons 

d) the solution of continuity equation for holes. 
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3.5 Solutions of the Linearized Discrete Equations 


To solve the large set of algebraic equations in two or three dimensional 
approximation we need to select more effective iterative method. In this calculation 
Stone’s strongly implicit method [9] is used. The important points of this method are 

a. Modification of the matrix form from five non— zero diagonals to seven 
non— zero diagonals. 

b. Generation of new set of intermediate coefficients for fast convergence. 

c. Use of varying acceleration parameters depending on the number of grids. 

d. Double sweep procedures with same parameters from left down corner and 
from right up corner of the model. 

4. RESULTS AND DISCUSSIONS 

We have used 12 (horizontal) * 50 (vertical) meshes to model the IL/MIS solar cell. 
Its depth is 200 /im and its width is 300 /an. Horizontally, we only modeled up to the 
middle of the cell due to the symmetry of the grid structure. 

Figures 4, 7, and 10 show the electrostatic potential distributions in the solar cell for 
terminal voltages 0.3V, 0.4V and 0.5V, respectively. Figures 5, 8, and 11 demonstrate the 
concentrations of electrons for 0.3V, 0.4V and 0.5V, respectively. The hole concentrations 
for the terminal voltages 0.3V, 0.4V and 0.5V are shown in Figure 5, 8, and 11, 
respectively. The respective data for these figures are in Appendix B. 

Figures 5, 8, and 11 demonstrate that the inversion layers are clearly formed at the 
Si— SiC >2 interface. The electrostatic potential distributions are reasonable for lower 
terminal voltages (0.3V and below). However, for the terminal voltages 0.4V and 0.5V the 
surface electrostatic potentials from the left— side wall to the right increase first then 
decrease as they approach to the middle of the IL/MIS cell. Efforts have been made to 
solve this problem before calculating the currents. 
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In summary we have set up a two-dimensional numerical model for IL/MIS solar 
cells. This is a time consuming and difficult task. The values of electron concentrations 
and the hole concentrations obtained from our numerical model are reasonable. Good 
results are also obtained for electrostatic potentials for lower terminal voltages. The future 
work should be centered on the above-mentioned problems and calculate the currents to 
obtain I— V characteristics for the IL/MIS solar cell. Using our numerical model the design 
of the cell should be optimized by changing the values of the parameters, such as the 
Si— SiC>2 interface changes, the dopant concentrations of the wafers, the grid line densities, 
the thickness of the wafers, etc. In addition, we should study MIS structures more, 
especially in dark conditions. 
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Figure 10. 


Electrostatic Potential Distribution for the IL/MIS Solar Cell at Terminal 
Voltage Equal to 0.5V. 
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Abstract 


A comprehensive model for MIS (Metal-Insulator-Semiconductor) solar cells has 
been developed which consists of a wide range of parameters. The parameters neglected by 
other authors have been included. The effects of surface states, silicon dioxide thickness, 
substrate doping, fixed oxide charges, substrate thickness, and metal work function are all 
taken into account. This model uses the actual spectrum of sun light (AMI) and assumes a 
double layer antireflection coating (DLAR) to calculate the open circuit voltages, the 
short-circuit currents, the fill factors, and the efficiencies of the MIS solar cells. 
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Nomenclature 


* * 

A n (Ap) = effective Richardson constant for electrons (holes) 

d. = oxide thickness 

D = diffusion coefficient for electrons 
n 

o 

Dj t = density of surface states (states/cm -eV) 

F t (F t0 ) = surface states occupation probability with (without) tunneling current through 
the surface states. 

f = occupation probability of an energy level equal to E in the metal, 
in ss 

2 

F q = number of incident photons/cm .s per unit band width 
H = thickness of the cell 


2 

n = electron concentration in neutral region of semiconductor, n„ = 

Po Po 


L n = diffusion length for electrons 

n l(Pl) = electron (hole) concentration if the electron (hole) fermi level is at the trap 
energy level. 

n (p ) = electron (hole) concentration at the semiconductor surface 
Qj = fixed oxide charges 
Q = semiconductor charges 

SC 

Q = surface state charges 

bb 

Sp = surface recombination velocity at the back end of the cell 
R = reflection coefficient 

qVp = the difference between majority carrier fermi level and the valence band 

(qv = kT ln §* ) 

F A 


v th = t ^ ierma ^ velocity 
w = depletion width 
a = absorption coefficient 
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X n (Xp) = effective potential barrier of oxide to electron (hole) tunneling into metal 

a = capture cross section area for electrons 

7"^ = surface states tunneling time constant 

t = tunneling time constant to the metal 

o 

0 = number of absorbed photons/cm .s per unit bandwidth 

q0 g = difference between the electron and hole quasi fermi levels 

= band bending of conduction (or valance) bands i.e. the potential difference across the 

semiconductor 

6 = metal work function 

r m 
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Introduction 


A lot of attention has been drawn to MIS contact with ultra thin insulating layer 
due to their simplicity and their promising applications for solar cells. The physics of MIS 
structure has been discussed in many papers [1-6]. As applications for the MIS contacts, 
several models of MIS solar cells have been proposed. A brief review and comments on the 
most important models are presented below. 

Green, et. al. [4,7] proposed a theoretical model which includes both the effects of 

surface states and tunneling through the oxide layer. Their model has some drawbacks. 

For the tunneling currents, they only used those from the conduction band and the valence 

band to metal but they neglected them in the other directions. They used the parameters 

of thick oxide (oxide permittivity and barrier -height) for the ultra thin oxide layer. They 

also neglected the effect of interface states on the oxide potential which can change 

significantly the band bending ip of the conduction and valence bands near the silicon 

s 

oxide interface. 

Following Sze [8], Card and Rhoderick [2,3], and Green et. al. [4], Olson [9] 
introduced a model which includes the tunneling current, diffusion current, and the light - 
generated current. But he neglected the effects of the surface states either as 
recombination centers or as a path between the silicon and the metal through which 
majority and minority carriers can be transferred. He assumed only depletion region 
approximation and neglected that inversion or even accumulation conditions can occur 
depending upon the choice of the metal, the doping, the applied voltage, etc. His model 
which can be applied only under specific conditions is not a general one. He also assumed 
that the barrier height of the oxide is fixed (0.5 eV), which is not true because it actually 
depends on the oxide thickness [10,11]. He also used the permittivity of thick oxide for 
thin oxide. 

Ng and Card [12] proposed another model which includes the tunneling and surface 
states currents. They neglected the effect of the transition region which generates up to 
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15% of the generated light current. They also did not use the actual solar spectrum. They 
neglected the effect of surface states on the band bending. They assumed only an inversion 
layer in semiconductor, thus, their model is not a general model. They also assumed that 
the barrier height for minority carriers is equal to X n — Xp = 1-2 eV. It is not a realistic 
value. 

In this study we have introduced an analytical model which includes the parameters 
neglected by the above-mentioned authors. The effects of surface states, Sit^ thickness, 
substrate doping, fixed oxide charges, and metal work function are all taken into 
consideration. 

2. Theoretical Model . 

A complete set of equations is used which includes the hole and electron tunneling 
currents through the oxide layer, the surface states current components (Jp S >J ns 

a nd J gs ), the photo current generated in the bulk and in the transition region (J^ n and 
J^.), the diffusion current (Jj) n )> and the generation -recombination current in the 
transition region (J ). All these current components are shown in Figure 1. 

2.1. Band Diagram . 

Figure 1 shows the energy band diagram of a MIS (Metal-Silicon dioxide-p type 

silicon) solar cell. In this diagram it is assumed that the metal is grounded and a positive 

voltage is applied to the semiconductor, and the cell is under illumination. The fermi 

levels for electrons and holes are splitted with energy difference equal to q<f> , the voltage 

drop across the insulator is A, the band bending is ij> , the neutral level for the surface 

s 

states is E . The voltage drop across the oxide can be written as: 

oo 

A = E + y -6 -v -'ll) - v (1) 

g A s p v ' 

From Gauss's law we have 

A = 7. (Q sc + Q ss + Qp) (2) 

where Q p is the fixed oxide charges and is taken to be positive ([9] p. 390). It can be 
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expressed as 


Q f = qN F 

Assuming a homogeneous distribution of surface states across the band gap we have 

Q ss = qD it ( E fn " E fs) = AM + v p M " *o> 

The semiconductor charges Q can be written as [see Appendix A] 

SC 


Q sc = 


-W, n j r r W 1 r 

^s' e • 1 + ^2-{ e [ e - 1 J-Ws). 


II 1 / 2 


2.2 Band to Band Tunneling Current . 

Following Card and Rhoderick [2,3], the hole tunneling current is given by 

■ E, — E E„ — E 

* 2 ^D^i r 11 

J pt = V e - e 


kT 


From Figure 1 we obtain 

and E 

Equation (6) can be written as 


E fp ■ E Vo = 1^8 + T q> 
f. ' E v 0 = M, + T q + v > 




Similarly, the electron tunneling current can be expressed by 

E_ — E 


J t = A*T^ e ~ n_1 
nt n 




E c„- E f„ 


kT 


- e 


kT 


From Figure 1 we have 


and 


J , can be written as 
nt 


E - Er = E - q (ib + v + v) 
c 0 fm g 4V¥ s p ; 

E - Er = E - q (ip -j- v + 6 ) 
c 0 fn g 4V r s p r s J 




(3) 

(4) 

(5) 


( 6 ) 

(7) 

( 8 ) 

(9) 


( 10 ) 

( 11 ) 

( 12 ) 


(13) 
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The values of Xp and x n in (5), (9), (10) and (13) cannot be assumed as those of 
thick oxide. Assuming Xp = X n = X> we use the curves from Card [10,11] to determine the 
values of x^. 

2.3 Surface States . 

Localized states within the forbidden gap at the surface of the semiconductor can 
affect the performance of the MIS solar cells. The effect of these surface states can be 
grouped into two categories. The first one is concerned with the electrostatic effect while 
the second one with the dynamic effect. They are discussed as follows: 

a) Electrostatic Effect : 

Due to the charge storage in the surface states, the voltage balance in (1) and (2) is 
affected strongly by the surface states concentration D^. There are two types of surface 
states, donor-like states and acceptor-like states. The energy of the former is less than 
E , which contributes a positive Q when they are emptied while the energy of the latter 

ob SS 

is greater than E which contributes a negative Q when they are occupied. The value of 
ss ss 

Q gs and its sign can increase or decrease the band bending ^ g . If decreases, minority 
carrier tunneling current decreases and majority carrier tunneling current J , which 
contributes to dark current increases. As a result the performance of the solar cell becomes 
worse. If q<f> Q = E gg - E y ^ ^ Eg, these effects are adversary for MIS solar cells. 

b) Dynamic Effects : 

The dynamic effects of the surface states can be explained as follows 

i. Surface states provide an additional path for the photo -generated 
carriers to flow to the metal contact J ng (see Figure 1). This effect enhances 
the performance of the solar cell due to the increase of the current drawn 
from the cell. 

ii. Surface states provide an additional path for the dark majority 

carriers J . 
ps 
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iii. Surface states act as recombination centers at the surface for the 
carriers generated inside the semiconductor. 

Starting from the equations used by Freeman and Dahlhe [1], all the current 
components due to the effect of surface states can be calculated (see Appendix B). The 
electron current through surface states can be expressed as 


t n 2 r s 

J__ = qD-.v,, a n. — : — 
ns M it th n 1 t,+t 
l s 


r tVth 


[.*• 


- 1 + 


P( <t > s - y ) 

e s -1 


Pl+P s e 




( 14 ) 


The hole current through surface states can be written as 


J ps = t * D it v th <T n I1 i r^[ r tVth( eW '' 1 ] + 5^ 


1 -e' 


fiv 


(Pi +P S e _/?v ) J 


( 15 ) 


and the total current due to surface states is given by 

J = J - J 
ss ns ps 

Equations ( 14 ), ( 15 ) and ( 16 ) are functions of v and 6, and <f> > v all the time. 

11 s s 

J and J are, therefore, positive which means that both electrons from conduction band 

and holes from valence band are captured by surface states and find their ways to the 

metal. Consequently, both minority carrier current (it enhances the total current drawn 

from the cell) and majority carrier current (it contributes to dark current) exist. The net 

effect (J ) depends on the difference between J and J . 
x ss y ns riC 


ps 


In our calculations we have found that J „ > J except at short circuit conditions 

ps ns 

(where both Jp g and J ng are very small compared to other current components) so the total 
tunneling current through the surface states deteriorates the performance of the solar cells. 
The extent of this effect depends on the other parameters used in design of the solar cells. 
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Light, Diffusion, and Recombination Currents. 


The photo -generated current in the bulk of the semi-conductor is given by (see 
Appendix C) 


qd>aL r 

t _ n -aw T 

J Ln — 2 t 2 t e aL n " 
a L_ - 1 L 


F 2 ( H ')- e 


-aH' fS„L 


?! (H' ) 


The diffusion current is given by (see Appendix C) 

qD F,(H') M 

Jtn = t “ n (e s -l) (18) 

D “ L n P«F 1 (H') 

In the depletion region, the electric field is so high that the photo generated carriers 
are accelerated out of the depletion region before they recombine. This current must be 
taken into consideration and is written as 

J dr = q«l - e _aW ) (19) 

where w, the width of depletion region, is given by 


Also, the generation recombination current in the depletion region can be written as 

, qn i w f ,1 


V — l e -*J- < 21 > 

2.5 The Total Current and the Balance of Current Components . 

Different current components in a MIS solar cell make the device in a 
non -equilibrium condition, which can be shown by splitting of the Fermi -energy levels of 
electrons and holes in the semiconductor (see Figure 1). The value of the splitting q<p 

S 

(q$ s = E£ -E£ ) can be determined by balancing the minority-carrier current components 
in the conduction band 

Jt «Ij_ - J - J-p, — J + J . (^^) 

L n dr rg D n ns nt v J 

The total current drawn from the cell is given by 


^t J ss ^ ^nt *^pt 


Rearranging equation (22) we have 
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(24) 


J nt “ J Ln + J dr " J rg " J Dn " J ns 


Substituting equation (24) into equation (23) and using J gg = J ns - J ns lead to 


ns 


ps 


where 


and 


'dark 


J t ” J light " J dark 


J light ” J Ln + J dr 


— J ■)■ 1 * ■(' Jn “I" J 
ps pt Dn rg 


(25) 


(26a) 


(26b) 


Equation (25) has a similarity with that of the total current of p-n junctions solar cells. 

3. Calculations and Results . 

The equations in Section 2 have been used to calculate the output parameters of the 
MIS solar cell. In our calculations we use the actual sunlight spectrum (AMI) which has 
been obtained from Sze [9] and Hovel [14]. We assume that the back of the cell is not 
passivated, so the back surface recombination velocity is taken to be Sp = 10 cm/sec. 
The density of surface states has been found to be between 10 - 10 states/cm .eV 
[15], depending on the silicon orientation, the method of oxidation, the oxidation 
temperature, the annealing, etc. D.^ also depends on the oxide thickness [16] and on the 
doping concentration [17]. 


In this work, the diffusion coefficient is calculated from [18] by the relation 

D_ 


D = 


1 + 


N 


1 0i7 


0.6 + A o 


(27) 


2 2 

where D q = 35 cm /sec and A Q = 1.8 cm /sec for p-type semiconductor. 

The lifetime r for good silicon is available in reference [19]. It is found that 

”1 


T — 


28410 + 1.716 x 10' 26 N L67 


sec. 


for p-type Czochralski (CZ) growth method, and 


r = 


3330 + 1.716 x 10 


-26 N 1.67j 


-1 


sec 


(28)] 


(29) 


for p-type float -zone (FZ) process. 
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The algorithm used to calculate the open circuit voltage, short circuit current, fill 
factor, and efficiency is described as follows: 

1) Read data 

2) Calculate D , r and L 

3) v = 0 

4) ^ = 0 

5) 1> 8 = 0 

6) Iterate to get ip by using Equation (1) = Equation (2) 

b 

7) J » = J j -f- J, - J - J n J-q — J J 

’ A Ln dr rg Dn ’ B ns nt 

8) If | - Jg| > error, change <p^ and go to step 5. Otherwise, calculate J t . 

9) [fv = 0,J sc = J t 

10) Calculate P = Iv 

11) If P is not maximum, change v and go to step 4. Otherwise save P 

ITlclX 

12) Increment v until J = 0, then v = v 

' ’ oc 

13) Calculate efficiency, 77, and fill factor FF. 

This algorithm is used to study the effects of changing the following parameters on 
the performance of the MIS solar cells: 

a) The metal work function d> 

' ^m 

b) The semiconductor doping 

c) The density of surface states D., 

It 

d) The fixed oxide charges 

e) The cell thickness H 

and f) The oxide thickness d- 

When changing one of the previous parameters, the other parameters are taken to 
be near its optimum values to get maximum efficiency. The values of these parameters are 
chosen to be N A = 2 * 10 15 cm~ 3 , D jt = 5 * 10 11 states/cm 2 . eV, N f = 5 * 10 U cm' 2 , 
(j> m = 4.1 eV, d- = 20A, and H = 250^m. Other parameters used in our calculation are 
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listed in Table 1. The values of effective Richardson constants for electrons and holes are 


discussed by Rhoderick [18], which agree with those values given by Sze and Crowell [9] 
* = 112 A/cm*.k*. and A 

P 

program 


2 2 * 2 2 
who used A n = 112 A/cm .k , and A = 32A/cm .k . These values are used in our 


n- = 1.45 * 10 10 cm' 3 
1 

N c = 2.8 x 10 19 cm" 3 

N y = 1.04 * 10 19 cm' 3 

<r = a = 10' 15 cm 2 
n p 

Eg = 1.12 eV 

7 

v t ^ = 10 cm/sec 


Table 1 

q^ 0 = 1/3 E ? . 

x = 4.05 eV 
s 

Sp = 10 7 cm/sec 
e i = 1 

7" 0 = 10 ^ 3 sec 


3.1 Effects of Changing <f> . 

The effect of choosing metals with different work functions <p m is shown in Figure 2. 
For lower <p m we get higher efficiency, and by increasing the efficiency decreases until 
it reaches near zero. We see that there is a critical metal work function (we call it </> mc ) 
after which the efficiency starts decreasing. This can be explained below. For the chosen 

1 C q 

substrate doping (N^ = 2 x 10 cm ), the Fermi potential <p^ is equal to 0.33 v 
N A 

(</>p = Vrp In ). For strong inversion, the band bending ip s must satisfy the relation 

ip„ > 26-r, under dark conditions. Our calculations show that for 6 = 4.3 V we have 

s T r r m 

ip = 0.67 V under zero applied voltage, which corresponds to the onset of the strong 

inversion. In this case we have <p = 4.3V. For <p <6 the semiconductor is strongly 

r mc r mc ° J 
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inverted. For 6 > <j> it is not strongly inverted and the semiconductor charges Q is 

m me s C 

mainly the depletion layer charges. 

When the cell is put under illumination, the incident photons generate electron -hole 
pairs. The electrons go to the surface. When the surface is initially strongly inverted, the 
concentration of electrons at the surface is not affected too much by the light and the 
thermal equilibrium can be assumed. But when the surface is not initially in strong 
inversion, the photo- generated electrons accumulate at the surface and create an optically 
inverted layer, and the semiconductor charges Q increases. This means that a 
non -equilibrium condition is found and the electron and hole fermi levels (E f and E f ) 

In Ip 

split. As 0 increases, the surface condition changes from weak inversion to depletion 
(without light). Therefore, <p.(q<f) c = E f - E f ) increases as shown in Figure 3. In this 

S S l u Ip 

figure we see that for </> m < 4> mc (0 mc = 4-3V), <f> s = 0. But as <f> m exceeds 4> mc , the split 

<f> s increase rapidly with increasing 4> m - Therefore, Figure 2 shows that until 2 0 mc , 

the short circuit current J , the open circuit voltage v , the efficiency 77, and the fill 

sc oc 

factor FF are kept constant but they decrease rapidly when (f> m > 

As pointed out earlier, the current drawn from the cell can be written as 


J t -J light J dark ( Eq ’ ( 25 )) and J dark “ J ps + J pt + J Dn + J rg ( Eq ' ( 26b ))’ In these 

equations, J and J-p. are functions of <b„. J , is a function of ib and v, and J is a 
rg un x s pt r s ’ ps 

function of and v. For short circuit conditions, an increase in 6 increases d> . which 
s r m r s’ 

results in the increase of current. Also from equations (25), (15), and (18), increasing the 


applied voltage v increases the dark current 


until the open circuit condition is 


reached. For <j> < <f> , <f> is approximately equal to the applied voltage and J is small. 

All lllv O UJ) 

The main component of the dark current is J Dn and the open circuit conditions occur when 


J Dn ~ J light‘ This leads t0 v oc > FF and ^ For > ^mc’ ^s becomes g reater 

than the applied voltage Vp so Jp^, J r g, J^, and Jp g increase but Jp g becomes the 

dominant current component (minority carriers Up in equation (18) decreases as <p m 

increases), i.e. , the tunneling through surface states becomes the dominant factor affecting 
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the performance of the MIS devices. The open circuit condition occurs when Jp g 2 ^light' 

It occurs at lower applied voltage v (because V < <p s ). Increasing <p m , raises p s which 

increases Jp g . As a consequence v QC and efficiency rj, decrease and the system goes deeper 

into nonequilibrium and, hence, the fill factor decreases. 

For MIS solar cells, there are no such things which are called minority and majority 

carrier devices based on variation of metal work function <b. The reason is that the 

T m 

extracted current from the MIS solar cells is mainly from the minority carriers due to the 
existence of an inversion layer (either optically induced for > <P mQ , or thermally exist 
for ^m < ^mc^' differentiation between minority and majority carrier devices is only 
good for the analysis of MIS structures under dark conditions. 

3.2 Effect of Changing N ^. 

The dependence of efficiency, open circuit voltage, short circuit current, and fill 
factor on base doping is shown in Figure 4. The figure demonstrates that for lightly 
doped substrate, the efficiency is low. By increasing the efficiency, the open circuit 
voltage, and the fill factor increase until they reach the peaks for the range 
= 10 iO -l(r D cm . Then, they start decreasing again. For the short circuit current, 
it decreases while the doping is increased because the life time of minority carriers 
decreases with increasing N^. Using a certain metal work function, the band bending ip^ 
increases with increasing due to the increase of metal-semiconductor work function 

■1C 1C o 

difference until a certain doping density (N^ = 10 -Kr° cm' ) is reached which is called 
N ac - For < N ac the efficiency is increased due to the increase of ip s , or the increase 
of barrier height. In this case, the semiconductor is thermally inverted and equilibrium 
conditions occur. For the semiconductor charges decrease until the surface 

states charges prevail, which lead to a decrease in ip until the inversion layer vanishes. 
But due to the optically induced minority carriers an inversion layer is formed which 
means that the device is in non -equilibrium condition and electron and hole fermi levels 
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split, i.e., q<p s = E^-E^, increases with increasing > N . For the similar reason 

AC 

like that for higher > <t> mc , the open circuit voltage, efficiency and fill factor become 
lower. 

3.3 Effects of changing D- ^. 

The effects of the surface states density depend mainly on the choice of the 

other parameters (0 m ,N^,N£,dj,etc). For choosing nearly optimum parameters, we get an 

inverted semiconductor surface. Increasing the surface states density decreases the 

band bending due to the negative charges in the acceptor -like surface states (see Figure 1), 

which causes an increase in the potential difference across the insulator, and to a decrease 

in ip . This reduction of ip will increase the dark component J . and decrease the minority 
s s px 

carrier tunneling current J^. When D- t exceeds a certain level which is called , the 
effect of surface states as recombination centers disturb the near equilibrium conditions. 
The hole recombination current through the surface states Jp g increases significantly. As a 
result, <p ( q<p = E, -E f ) increases rapidly with increasing D-, and the dark current 

oo In Ip IX 

increases also substantially. Therefore, the efficiency, the fill factor, and the open circuit 

voltage decrease as shown in Figure 5. As D- t increases further, the recombination current 

through surface states J becomes very large even at short circuit conditions. So, the 

ps 

total current of the device at short circuit J decreases. For good quality semiconductor 

SC 

and using hydrogen annealing, the surface states density is of the range 10^-10^ 
states/cm eV, and their effect on the performance of the MIS solar cells is reduced if the 
other parameters (0 m ,N^,Nj.,d.) are well chosen as seen from Figure 5. 

3.4 Effects of Changing Nj -. 

The fixed oxide charges locate inside the oxide in a narrow region next to the 


Si-Sil^ interface. They are generally positive charges with density in the range 
10 12 -2 

10 -10 cm . Their concentration depends on silicon orientation and oxidation 

conditions. They do not change with surface potential and only have electrostatic effect. 
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They do not have dynamic effect because they do not interact with tunneling carriers. For 
the thin insulating layer used in MIS solar cells, we can assume that they are located at the 
Si-Sil^ interface. Because of the band bending increases while the dark majority 
carrier currents J and Jp g decrease. As a result, the open circuit voltage and the 
efficiency of the cell increase as shown in Figure 6. Since N£ does not disturb the near 
equilibrium conditions, the fill factor does not change with increasing N^. has a good 
effect on the metal -insulator -p type semiconductor solar cells, but it causes a decrease in 
efficiency for a metal -insulator -n type semiconductor cells 
3.5 Effect of Changing H . 

For very short base of MIS solar cell (H < 50/rni) the number of photo generated 
carriers are very small, so, the short circuit current is small. Since H << L n (the diffusion 
length) there is also less recombination which means higher open circuit voltage. As the 
thickness H increases, the short circuit current increases and the open circuit voltage 
decreases. Since the former has greater effect on efficiency than that of the latter, the 
efficiency increases. The effect of cell thickness on the fill factor is negligible for the whole 
range of H, which is shown in Figure 7, because changing H will not alter the near 
equilibrium conditions. When H >> L n the effect of back surface recombination can be 
neglected so the open circuit voltage saturates. Approximately all incident light is 
absorbed in the first part of the base next to the oxide, so the short circuit current is also 
saturated. Therefore, both the efficiency and the fill factor saturate. 

In our model we have neglected the effect of base resistivity and assumed zero 
voltage drop across the neutral region of the base. Taking these effects into consideration 
the efficiency will decrease as H >> L n for long base. 

3.5 Effects of changing d. . 

The oxide thickness is the most critical parameter which affects the performance of 
the MIS solar cells. For thinner oxide, the hole tunneling becomes easier which means that 
the dark current becomes larger. The total current becomes smaller and the open circuit 
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voltage is reduced and the efficiency decreases. As the thickness of the oxide layer 
increases, the hole tunneling through the insulator decreases which leads to a decrease in 
dark current. So the efficiency and open circuit voltage increases until a certain thickness 
of oxide d- is reached. For d- > d- , the electron tunneling becomes more difficult and 
higher concentration of photogenerated electrons exists in semiconductor which creates an 
optically induced inversion layer and the split between electron and hole fermi levels 
increases, so the dark current increases again which causes a decrease in the open circuit 
voltage and efficiency. When d^ > dj c and d^ reaches a certain value, the dark current 
becomes very large even at short circuit conditions and the total current becomes very 
small (J gc decreases rapidly and reaches approximately to zero) as shown in Figure 8. 

4. Conclusion . 

Our comprehensive analytical model shows that none of the parameters of a MIS 

solar cell can dominate. Therefore, all the current components (J ,,J ,,J ,J ,J ,J n , 

pt rit ps ns ss un 

W must be included as we do in our model. This work has emphasized the 
importance of assuming a non -equilibrium condition because when the device becomes 
under equilibrium, only specific values of solar cell parameters can be used. Besides, we 
have used the actual values of permittivity e- and barrier heights Xp and X n for a more 
realistic modeling for the MIS solar cells. 
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APPENDIX A 


Semiconductor Charges (Q ) 


To calculate Q we have to solve Poisson’s equation 

SC 

■ 2„. 

(p-n-N A ) 


dyj 

dx 2 


a _ 

e. 


where 


(A-l) 



e 


-fty 

Pif+<P S ) 


(A-2) 

(A-3) 


We have assumed that a non -equilibrium condition exists in semiconductor. This is a 
realistic assumption due to light generated minority carriers and due to the voltage drop 
across the cell. Also, it is assumed that the minority carrier quasi -fermi level is constant 
through the transition region, which means that the separation between the two fermi 
levels is independent of x and equal to that at the surface. This is shown in Figure 1. 
Substituting equations (A-2) and (A-3) in equation (A-l), integrating, and using the 
relation 


E(x) = 


_ . 


dx 


we can find the electric field. The semiconductor charges Q can be written as 

SC 

*^sc ~ ” e s E surface 


so 


(A -4) 
(A-5) 


Q 


sc 


= 4 


2kTe N a 
s A 


P%~ e 


-PA 


n 7 r PA PA 1 1 1/2 
l + p-{e s (e -1)-W s }j (A-6) 


1/2 


This relation is a more general relation. Many papers assumed initially that the 
semiconductor is in depletion [8] and used the depletion layer approximation to calculate 


Q 


sc 
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<\c = - J 2 V N A % 1/2 < A - ? ) 

But the semiconductor may be at inversion, depletion or accumulation. For high efficiency 

MIS solar cells, the surface of the semiconductor must be inverted initially before exposing 

the cell to light. Some other authors [6] calculated Q assuming equilibrium condition so 

they got an expression for Q like equation (A-6) but without the term e^ s : 

i r -w s n ? |W, 11 i/2 

Q sc = ^ 2kT£ s N A K- e ' 1 + p-{ e 

iN A 

To see the effect of the term e^ s we compare (A-6) with (A -8). In our calculations we 
have calculated the solar cell parameters for two different values of fixed oxide charges N^. 
We choose d- = 25A for the onset of non -equilibrium conditions. The results are shown in 
Table 2. From the table we see that for = 0, the efficiency is much smaller for 
non -equilibrium equation (A-6) than that for equilibrium equation (A-8). The reason is 
that for equation (A-8) the surface becomes near strong inversion but for equation (A-6) 
the surface becomes weakly inverted at short circuit conditions with higher value of 6. 
Therefore, as the semiconductor surface deviates from equilibrium, the fill factor drops 
sharply and the efficiency decreases. For Nf = 5.10 cm , the surface is initially inverted 
for both equations (A-6) and (A-8). The split between the two fermi levels becomes small 
and near equilibrium conditions occur. In this case, there is not much difference between 
calculations with equation (A-8) or with equation (A-6). Since the system is not in exact 
equilibrium (0 g ^ 0), calculations with (A-6) give sightly lower efficiency than that with 
(A-8) as is shown in Table 2. 
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TABLE 2 


EQUATION 

N f 

(cm -2 ) 

i 

f s 

(V) 

y s 

(V) 

V 

(7.) 

FF 

(io- 2 ) 

V oc 

(nV) 

J sc 

(mA/cm 2 ) 


(A-8) 

0 

0.627 

0.136 

11.32 

61.81 

510 

35.7 

equilibrium 

(4-6) 

0 

0.456 

0.309 

7.466 

39.13 

506 

37.7 

nonequilibrium 

(A-8) 

5.10 11 

0.745 

0.029 

15.1 

80.25 

524 

35.92 

equilibrium 

(A— 6) 

5.10 11 

0.676 

0.09 

14.67 

68.91 

565 

37.7 

nonequilibrium 


Calculation was made for N^ = 2.10 1 ^cm D^ t = SSxlO^cm ^eV * 
<p m = 4.1 V, H = 2.50 /an, S = 25A° 
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APPENDIX B 


Current Components Due to Surface States 


Following the approach of Freeman and Dahlke [1], the electron current from the 


conduction band to the surface states is given by 
J ns = ‘• D it T th ff n[( l - f t) n S - , t n l. 

The hole current from the valence band to the surface states can be written as 


j ps = '• D it v th ff P [ f tPs - (i-ypi. 

and the total current through the surface states is 

qD it T 1 

J ss = J ns - J ps = 

In the above equations 


E -E 

SS CO 

kT 


Eg-q^ c 

kT 


n l = N c e 


= N c e 


E -E 
ss vo 

kT 


Pi 


= N e 


E, -E 
fn co 


o 

= N y e 0 


kT n i W 8 +*s) 

n s = N c e =N^ e 


E, -E 
fp vo 

kT 


p = N e 
K s v 


= N A e 


-fit. 


f t = 


\ f to + h f m 
T t + T s 


, n s% + h% 

to ("s+ n l^n + (Ps+Pl^p 


r. = t e 
t o 




(B-l) 

(B-2) 

(B-3) 

(B-4) 

(B-5) 

(B-6) 

(B-7) 

(B-8) 

(B-9) 
(B -10) 
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(B-ll) 


1 

8 v thlV n s +I *l) + V P S +P l )J 

and 


f 

m 


1 


1 


Es Ef m 
kT 


1 + ^ e^ v 
Pi 


(B - 12) 


1 + exp I 

Substituting equations (B-4) through (B-12) into equations (B-l), (B-2) and (B-3), 


respectively, we obtain equations (14), (15), and (16), respectively. 
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APPENDIX C 


The Photogeneration and Diffusion Currents 


Using Hovel’s approach [14] for p-n junction solar cells, we can calculate the photo - 
generated current and the diffusion current for MIS solar cells by solving the continuity 
equation 

d^(n -n ) n -n 

D n V 22 " + " -?- 20 = 0 (0-1) 

n dx T n 

Where G(A,x) is the generation rate of electron-hole pairs at distance x from the 
semiconductor surface for the incident light with wavelength A. 

G(A,x) = a(A)0(A)e _ax (C-2) 

Where a(A) is the absorption coefficient and 0(A) is the number of absorbed photons/cm .s 
per unit bandwidth which is given by 


= F 0 (A)[1 - R(A)] (C-3) 

o 

where F Q (A) is the number of incident photons/cm .s per unit bandwidths and R(A) is the 
reflection coefficient. The following boundary conditions are used: 
a) at x = w 


. P4> c 

P "Po ”s e "Po "'Po' 


n -n = n e s - n =n (e^ s - 1) 


b) at x = H 

D n Hx ( n p- n p 0 ) = - S p< W' 

Solving equation (C-l) we get 

a< t> T n -qwf , x-w -ofx-w) , f s n^n T 1 

VVA!.,' l C0Sh L n " e +[D n '“ L nJ 

\ „ F 2< H - x ) 

FjCH') 


+ v (e _1) 


(C-4) 

(C-5) 


e -oH- F 2 (H') ^ 

F^H')' F^iF) smh 


x-w 



(C-6) 


where 
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H' = H-w 
s L 

F^y) = - j-y n sinh + cosh f- 
n n n 

n n cosh ? — f sinh ?— 

n 


Fn(y) 


D 


n n 

The current can be written as 
dn_ 


J = qD 
n n 


dx 


x=w 


“ J Ln " J Dn 


where J^ n is the photogenerated current in the bulk which is given by 

-aH' r S T, L , 


q^aL 
J Ln = “272 


n -aw 
e 


id T ^ 1 

a L -1 
n 


“V 


F 2 ( H ')-e-“ H ' [-V- - “ L „] 
u n J 


Fj(H') 


h 


and Jj-j n is the diffusion current which can be written as 


qD, 


P<h 


-L- n -ro P 2 (H0 

S -D 2 


L n T°' 


F^IFT 


(C-7) 

(C-8) 

(C-9) 

(C-10) 

(C-U) 

(C-12) 
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\ 



Figure 2: The efficiency Eff, the open circuit voltage v Qc , the short circuit current J 
the fill factor FF versus the metal work function 6 for the MIS solar cell. 


5 





Figure 3: Variations of the surface potential ip and the split between the two fermi levels 

s 

of electrons and holes <p„ as functions of <p . 
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Figure 5: Eff, v qc , J gc , and FF versus the surface states density D^. 
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Figure 6. 


Eff, v oc , J gc , and FF versus the fixed oxide charges N^. 
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Figure 7. E£f, v , J , and FF versus the cell thickness H. 
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Figure 8. Eff, v J and FF versus the oxide thickness d-. 
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APPENDIX B 


Data Used in Figures 4—12 
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ELECTROSTATIC POTENTIAL DISTRIBUTION - IL SOLAR CELL 


TERMINAL VOLTAGE - . 30 V 
UNIT IN VOLT 


HOP 

-uM 

25.00 

25.02 

25 

.27 

26 

.02 

38.52 

63.52 

88.52 

113.52 

146 

.02 

VER 

-uM 












0 

. 00 

0.30 

0.40 

0 

.44 

0 

.45 

0.45 

0.45 

0.45 

0.45 

0 

.45 

0 

.05 

0.25 

0.30 

0 

.37 

0 

.37 

0.37 

0.37 

0.37 

0.37 

0 

.37 

0 

. 10 

0.21 

0.24 

0 

.31 

0 

.31 

0.31 

0.31 

0.31 

0.31 

0 

.31 

0 

. 15 

0.18 

0.19 

0 

.25 

0 

. 26 

0.26 

0.26 

0.26 

0.26 

0 

. 26 

0 

.20 

0.15 

0.16 

0 

.21 

0 

.22 

0.22 

0.21 

0.21 

0.21 

0 

. 21 

0 

.25 

0.13 

0.14 

0 

. 17 

0 

. 18 

0.18 

0.17 

0.17 

0.17 

0 

. 17 

0 

.30 

0.11 

0.11 

0 

.13 

0 

. 13 

0.13 

0.13 

0.13 

0.12 

0 

. 12 

0 

.37 

0.09 

0.09 - 

0 

. 10 

0 

. 10 

0.09 

0.09 

0.09 

0.08 

0 

.08 

0 

.47 

0.07 

0.07 

0 

.08 

0 

.08 

0.08 

0.07 

0.06 

0.06 

0 

.06 

0 

. 60 

0.05 

0.05 

0 

.05 

0 

.06 

0.06 

0.05 

0.05 

0.05 

0 

. 05 

0 

.75 

0.03 

0.03 

0 

. 03 

0 

.04 

0.04 

0.03 

0.03 

0.03 

0 

. 03 

0 

. 92 

0.02 

0.02 

0 

.02 

0 

.02 

0.02 

0.02 

0.02 

0.02 

0 

. 02 

1 

. 12 

0.01 

0.01 

0 

.01 

0 

.01 

0.01 

0.01 

0.01 

0.01 

0 

. 01 

1 

.35 

0.00 

0.00 

0 

.00 

0 

.00 

0.00 

0.00 

0.00 

0.00 

0 

.00 

1 

.60 

0.00 

0.00 

0 

.00 

0 

.00 

0.00 

0.00 

0.00 

0.00 

0 

.00 

1 

.87 

0.00 

0.00 

0 

.00 

0 

. 00 

0.00 

0.00 

0.00 

0.00 

0 

. 00 

n 

. 17 

0.00 

0.00 

0 

.00 

0 

.00 

0.00 

0.00 

0.00 

0.00 

0 

. 00 

2 

.55 

0.00 

0.00 

0 

.00 

0 

.00 

0.00 

0.00 

0.00 

0.00 

0 

.00 

3 

. 05 

- 0.00 

- 0.00 

-0 

. 00 

-0 

.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

-0 

.00 

3 

.80 

- 0 . 00 

- 0.00 

-0 

.00 

-0 

.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

-0 

.00 

4 

.80 

- 0.00 

- 0 . 00 

-0 

.00 

-0 

.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

-0 

.00 

6 

.30 

- 0.00 

- 0.00 

-0 

.00 

-0 

.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

-0 

. 00 

8 , 

.30 

- 0.00 

- 0.00 

-0 

.00 

-0 

. 00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

-0 

.00 

10 

.80 

- 0.00 

- 0.00 

-0 

. 00 

- 0 . 

. 00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

-0 

. 00 

14 . 

.55 

- 0.00 

- 0.00 

- 0 . 

.00 

- 0 , 

.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

-0 

.00 

1 9 , 

. 55 

- 0.00 

- 0.00 

- 0 . 

.00 

- 0 . 

.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0 , 

. 00 

27 . 

,05 

- 0.00 

- 0.00 

- 0 . 

.00 

- 0 . 

.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

-0 

.00 

37 . 

, 05 

- 0 . 00 

- 0 . 00 

- 0 . 

00 

- 0 . 

, 00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

-0 . 

, 00 

52 . 

05 

- 0.00 

- 0.00 

- 0 . 

00 

- 0 . 

00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0 . 

, 00 

72 . 

05 

- 0.00 

- 0.00 

- 0 . 

00 

- 0 . 

00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0 . 

00 

94 . 

55 

- 0.00 

- 0.00 

- 0 . 

00 

- 0 . 

00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

-0 . 

00 

117 . 

05 

- 0.00 

- 0.00 

- 0 . 

00 

- 0 . 

00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0 . 

00 

137 . 

05 

- 0.00 

- 0.00 

- 0 . 

00 

- 0 . 

00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

-0 . 

00 

154 . 

55 

- 0.00 

- 0.00 

- 0 . 

00 

- 0 . 

00 

- 0.00 

- 0.00 

- 0.00 

- 0 . 00 

- 0 . 

00 

169 . 

55 

- 0.00 

- 0.00 

- 0 . 

00 

- 0 . 

00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0 . 

00 

182 . 

05 

- 0.00 

- 0.00 

- 0 . 

00 

-0 . 

00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

-0 . 

00 

189 . 

55 

- 0.00 

- 0.00 

-0 . 

00 

- 0 . 

00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

-o . 

00 

194 . 

55 

- 0.00 

- 0.00 

- 0 . 

00 

- 0 . 

00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

-0 . 

00 

197 . 

05 

- 0 . 00 

- 0.00 

- 0 . 

00 

- 0 . 

00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

-0 . 

00 

199 . 

30 

- 0.00 

- 0.00 

- 0 . 

00 

- 0 . 

00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

-0 . 

00 

201 . 

05 

- 0.00 

- 0.00 

- 0 . 

00 

- 0 . 

00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

-0 . 

00 

202 . 

30 

- 0.00 

-0 . 00 

- 0 . 

00 

- 0 . 

00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

-0 . 

00 

j 03 . 

05 

- 0.00 

- 0.00 

- 0 . 

00 

- 0 . 

00 

- 0.00 

- 0 . 00 

- 0.00 

- 0.00 

- 0 . 

00 

.03 . 

55 

0.00 

0.00 

0 . 

00 

0 . 

00 

0.00 

0.00 

0.00 

0 . 00 

0 . 

00 

103 . 

80 

0.00 

0 . 00 

0 . 

00 

0 . 

00 

0.00 

0.00 

0.00 

0.00 

0 . 

00 
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ELECTRON CONCENTRATION - IL SOLAR CELL 


TERMINAL VOLTAGE- 0.30 V 
UNIT IN ELECTRONS PER CUBIC CM 

HOR-uM 25.00 25.02 25.27 26.02 

VER-uM 

O.CO 1.4E+10 7.9E+15 3.8E+16 4.7E+16 

0.05 1 . 6E+14 1.2E+14 1.9E+15 2.5E+15 

0.10 1.0E+13 2.4E+12 1 . 1E+14 1.8E+14 

0.15 9.5E+11 1.1E+11 4.5E+12 8.6E+12 

0.20 1.3E+11 1.1E+10 1.8E+11 3.6E+11 

0.25 2.9E+10 1.8E+09 1.2E+10 2.2E+10 

0.30 6.1E+09 3.2E+08 4.9E+08 7.4E+08 

0.37 1.5E+09 8.4E+07 4 . 3E+07 4.6E+07 

0.47 3.2E+08 1 . 9E+07 1 . 1E+07 1 . 3E+07 

0.60 6.8E+07 4.4E+06 2 . 6E+06 3.5E+06 

0. 75 1.8E+07 1.4E+06 8.0E+05 1 . 0E+06 

0-92 6.92+05 7.0E+05 4.1E+05 4.5E+05 

-.12 4.1E+06 6.0E+05 3.5E+05 3.4E+05 

1.35 3.5E+06 7.1E+05 4 . 3E+05 3.9E+05 

1.60 3.7E+06 9.7E+05 5 . 0E+05 5.4E+05 

1. J7 4.2E+06 1.4E+06 8 . 9E+05 7 . 9E+05' 

2.17 5.0E+06 2.0E+06 1 . 3E+06 1 . 2E+06 

2.55 6.2E+06 3.1E+06 2.1E+06 1.8E+06 

3.05 8.3E+06 5.0E+06 3.4E+06 3.0E+06 

3.80 1.2E+07 8.3E+06 5 . 9E+06 5.3E+06 

4.80 1.8E+07 1.5E+07 1 . 1E+07 9.6E+06 

6.30 2.9E+07 2.SE+07 2 . 0E+07 1 . 8E+07 

3.30 4.9E+C7 4.7E+07 3 . 9E+07 3 . 5E+07 

10.10 3.5E+07 8.4E+07 7 . 3E+07 6 . 6E+07 

14.55 1.6E+08 1.6E+08 1.4E+08 1 . 3E+09 

13.55 2.9E+08 2 . 9E+08 2.8E+08 2 . 6E+08 

27.05 5.6E+08 5 . 6E+08 5 . 5E+08 5 . 2E+08 

37.05 1.1E+09 1.1E+09 1 . 1E+09 1 ClE+09 

52.05 2.0E+09 2.0E+09 1.9E+09 1 . 9E+09 

72.05 3.2S+09 3.2E+09 3.2E+09 3 . 2E+09 

94.55 4.4E+09 4.4E+09 4.4E+09 4.4E+09 

117.05 5.2E+09 5.2E+09 5 . 2E+09 5.1E+09 

137.03 5.2E+09 5 . 2E+09 5.2E+09 5.2E+09 

154.55 4.7E+09 4.7E+09 4 . 7E+09 4.7E+09 

169.55 3.6E+09 3.6E+09 3 . 6E+09 3.6E+09 

182.35 Z.7E+09 2.7E+09 2.7E+09 2.7E+09 

189.55 1.9E+09 1 . 9E+09 1 . 9E+09 1.9E+09 

194. ;.3 1.4E+09 1.4E+09 1.4E+09 1.4E+09 

197. C5 9.9E+08 9.9E+08 9.9E+08 9.9E+08 

199.30 6.2E+08 6 . 2E+08 6 . 2E+08 6 .' 2E+08 

201.05 3.5E+08 3.5E+08 3 . 4E+08 3.4E+03 

202.30 1.7E+08 1.7E+08 1 . 7E+08 1.7E+08 

202. u5 5.9E+07 5 . 5E+07 5 . 9E+07 5 . 8E+07 

203.55 1.2E+05 1 . 2E+05 1 . 2E+05 1 . 2E+05 


38.52 63.52 88.52 113.52 146. G2 

4.7E+16 4.8E+16 4.9E+16 5.0E+16 5.0E+16 
2.5E+15 2.5E+15 2.5E+15 2.5E+15 2.5E+15 
1.8E+14 1.7E+14 1.7E+14 1.6E+14 l.SE+14 
8.2E+12 7.4E+12 6.9E+12 6.5E+12 6.3E+12 
3.4E+11 2.9E+11 2.6E+11 2.4E+11 2.3E+11 
2.0E+10 1.6E+10 1.4E+10 1.2E+10 1.2E+10 
6.4E+08 4.9E+08 3.9E+08 3.4E+08 3.1E+08 
3.8E+07 2.7E+07 2.0E+07 1.7E+07 1.5E+07 
1.0E+07 7.0E+06 5.0E+06 4.0E+06 3.6E+06 
3.0E+06 2.4E+06 1 . 9E+06 1 . 7E+06 1 . 6E+06 
9.5E+05 8.6E+05 7.9E+05 7.4E J -Q5 7 . 2E+05 
4.4E+05 4.4E+05 4.3E+05 4.3E+05 4.2E+05 
3.4E+05 3.5E+05 3.5E+05 3.6E+05 3.6E+05 
3.9E+05 4.0E+05 4.1E+05 4.1E+05 4 . 2E+05 
5.3E+05 5.4E+05 5.6E+05 5.6E+05 5.7E+05 
7.8E+05 7.9E+05 8.1E+05 8.2E+05 8.2E+05 
1.2E+06 1.2E+06 1.2E+06 1.2E+06 1.2E+06 
1.8E+06 1.8E+06 1 . 8E+06 1.9E+06 1 . 9E+06 
3.0E+06 3.0E+06 3.0E+06 3.0E+06 3.1E+06 
5.2E+06 5.2E+06 5.2E+06 5.2E+06 5 . 2E+06 
9.4E+06 9.4E+06 9.5E+06 9.5E+06 9.5E+06 
l.SE+07 1.8E+07 1.8E+07 1.3E+07 1 . 8E+07 
3.4E+07 3.4E+07 3.4E+07 3.4E+07 3.4E+07 
6.4E+07 6.4E+07 6 . 5E+07 6 . 5E+07 6 . 5E+07 
1.3E+08 1.3E+08 1 . 3E+03 1 . 3E+08 i . 3E+08 
2.5E+08 2.5E+08 2 . 5E+08 2.5E+08 2.5E+08 
5.1E+08 5.1E+08 5.1E+08 5.1E+08 5.1E+08 
1.1E+09 1 . 1E+09:' 1 . 1E+09 1 . 1E+09 1.0E+09 

1.9E+09 1.9E+09 1 . 9E+09 1 . 9E+09 1.9E+09 
3.1E+09 3.1E+09 3.1E+09 3.1E+09 3.1E+09 
4.3E+09 4.3E+09 4.3E+09 4.3E+09 4.3E+09 
5.0E+09 5.0E+09 5.0E+09 5.0E+09 5.0E+09 
5 . 1E+09 5.1E+09 5.1E+09 5.1E+09 5 . 1E+09 
4.6E+09 4.6E+09 4.6E+09 4.6E+09 4 . 6E+09 
3.5E+09 3.5E+09 3.5E+09 3.5E+09 3.5E+09 
2.6E+09 2.6E+09 2.6E+09 2.6E+09 2.6E+09 
1.9E+09 1.8E+09 1.8E+09 1.8E+09 1 . 8E+09 
1.4E+09 1.4E+09 1.4E+09 1.4E+09 1.4E+09 
9.7E+08 9.7E+08 9.7E+03 9.7E+08 9.7E+08 
6.1E+08 6.1E+08 6.1E+08 6 . 1E+08 6 . 1E+08 
3.4E+08 3.4E+08 3.4E+08 3.4E+08 3.4E+08 
1.7E+08 1.7E+08 1.7E+03 1 . 7E+08 1.7E+08 
5.7E+07 5.7E+07 5.7E+07 5 . 7E+07 5 . 7E+07 
1.2E+05 1.2E+05 1 . 2E+05 1 . 2E+05 1 . 2E+05 
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HOLE CONCENTRATION DISTRIBUTION - IL SOLAR CELL 


TERMINAL VOLTAGE- 0 . 30 V 


HOR-uM 
VER-uM 
0.00 
0.05 
0.10 
0 . 15 
0.20 
0.25 
0 . 30 
0.37 
0.47 
0.60 
0.75 
0.92 
1.12 
1 . 35 
1.60 
1 . 67 
2.17 
2 . 55 
3.05 

3.80 

4.80 
6.30 
8 . :? 0 

10.80 

14.55 

19.55 

27 . 05 

37.05 

52. 05 

72 . 05 

94.55 

117.05 

137 . Of, 

154.55 

169.55 

182 . 05 

189.55 

194.55 

197.05 

19? . 3 0 

201 . 05 

102 . 70 

103.05 

103.55 


25.00 25.02 25.27 

1 . 5E+10~1 . 7E+04 2.2E+02 
4.8E+11 1.6E+08 3.3E+05 
3.5E+12 2.5E+10 4.5E+07 
2.0E+13 8.7E+11 2.9E+09 
9.1E+13 1.2E+13 1.0E+11 
3.1E+14 8.0E+13 2.0E+12 
1.0E+15 5. 1E+14 5.5E+13 
1 .7E+15 1 .7E+15 7. 1E+14 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1 .7E+15 1 . 7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1 .7E+15 1 . 7E+15 1 .7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 


26.02 38.52 63.52 

9.2E+01 7.0E+01 4.7E+01 
1.3E+05 9.7E+04 6 . 7E+04 
1.4E+07 1.1E+07 8.2E+06 
8.8E+08 7.2E+08 5.4E+08 
3.1E+10 2.6E+10 2.1E+10 
6.6E+11 5.6E+11 4.6E+11 
2.3E+13 2.0E+13 1.8E+13 
4.1E+14 3.8E+14 3.5E+14 
1.7E+15 1.5E+15 1.5E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E.+ 15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 


88.52 113.52 146.02 

3.4E+01 2.7E+01 2.5E+01 
4.9E+04 4.1E+04 3 . 7E+04 
6.3E+06 5.3E+06 4.9E+06 
4.3E+08 3.7E+08 3.4E+08 
1.7E+10 1.5E+10 1.4E+10 
3.9E+11 3.6E+11 3.4E+11 
1.6E+13 1.5E+13 1.4E+13 
3.3E+14 3.2E+14 3.1E+14 
1.4E+15 1.4E+15 1.3E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
1.7E+15 1.7E+15 1.7E+15 
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ORIGINAL PAGE IS 
OF POOR QUALITY 


ELECTROSTATIC POTENTIAL DISTRIBUTION - IL SOLAR CELL 

TERMINAL VOLTAGE = .40 V 
UNIT IN VOLT 


HOR 

VER 

-uM 

-uM 

25.00 

- 25.02 

25 . 27 

26 . 02 

38.52 

63.52 

88.52 

113.52 

146 

1 . 02 

0 

0 

rs 

.00 

.05 

0.40 

0.34 

0.47 

0.37 

0.50 

0.42 

0.50 

0.42 

0.48 

0.40 

0.46 

0.39 

0.46 

0.38 

0.46 
0 . 38 

0 

o 

'.45 

38 

0 

. 10 

0 . 29 

0.31 

0.35 

0.36 

0.34 

0.33 

0.32 

0 . 32 

o 

32 

0 

. 15 

0 . 25 

0 . 25 

0.30 

0.30 

0.29 

0.27 

0.27 

0 . 26 

o 

. 26 

0 

. 20 

0 . 21 

0.21 

0.25 

0.25 

0.24 

0.23 

0.22 

0 . 22 

o 

22 

0 

. 25 

0.18 

0.18 

0.20 

0.21 

0.20 

0.19 

0.18 

0 . 18 

o 

. 18 

0 

. 30 

0.14 

0.14 

0.15 

0.16 

0.15 

0.14 

0.13 

0.13 

o 

. 13 

0 

. 37 

0 . 11 

0.11 

0.11 

0.11 

0.10 

0.09 

0.09 

0 . 09 

o 

. 09 

0 

, 47 

0.09 

0.09 

0.09 

0.08 

0.08 

0.07 

0.07 

0.07 

o 

. 06 

0 

. 60 

0.05 

0.06 

0.06 

0.06 

0.06 

0.06 

0.05 

0 . 05 

o 

. 05 

0 

. 75 

0.04 

0.04 

0.04 

0.04 

0.04 

0.04 

0.03 

0 . 03 

0 

. 03 

0 

. 92 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0 . 02 

0 

. 02 

1 

. 12 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

0 . 01 

0 

. 01 

1 

. 35 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0 

. 00 

1 , 

. 60 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0 

. 00 

1 

. 87 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0 . 00 

0 

. 00 

2 . 

. 17 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

-0 

. 00 

2 , 

» 55 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

-0 

. 00 

3 . 

. 05 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

-0 

. 00 

3 . 

.80 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0 . 00 

-0 

. 00 

4 . 

80 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

-0 

. 00 

6 . 

30 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

-0 . 00 

-0 . 

, 00 

3 . 

30 

-0 . 00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0 . 00 

-0 , 

. 00 

10 . 

80 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0 . 

. 00 

14 . 

55 

- 0 . 00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0 . 

. 00 

19 . 

55 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0 . 

00 

27 . 

05 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0 . 

00 

37 . 

05 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

-0 . 

00 

52 . 

05 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0 . 

00 

72 . 

05 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0 . 

00 

94 . 

55 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0 . 

00 

117 . 

05 

- 0 . 00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0 . 

00 

137 . 

05 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

-0 . 

00 

154 . 

55 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0 . 

00 

169 . 

55 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0 . 

00 

182 . 

05 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0 . 

00 

189 . 

55 

- 0 . 00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

-0 . 

00 

1 94 . 

55 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0 . 

00 

197 . 

05 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0 . 

00 

199 . 

30 

- 0 . 00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0 . 

00 

201 . 

05 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

-0 . 

00 

202 . 

30 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0 . 

00 

203 . 

05 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0.00 

- 0 . 

00 

203 . 

55 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0 . 

00 

203 . 

80 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0 . 

00 
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ELECTRON CONCENTRATION - IL SOLAR CELL 


TERMINAL VOLTAGE- 0.40 V 
UNIT IN ELECTRONS PER CUBIC CM 


HOR-U: 

M 25.00 

VER-uM 

0.00 

6 . 5E+11 

0.05 

7.3E+14 

0.10 

1.1E+13 

0.15 

1 .6E+13 

0.20 

2.8E+12 

0.25 

4. 9E+11 

0.30 

5.3E+10 

0.37 

1 . 0E+10 

0.47 

3 . 0E-i-09 

0.60 

1 . 1E+09 

0.75 

d . 6E+-08 

0.92 

4.3E+08 

1 .12 

4.7E+08 

1.35 

6 . 5E+08 

1.60 

1 . 0E+09 

1.87 

1 .5E+09 

2.17 

2.4E+09 

2.55 

3.7E+09 

3.05 

6 . 3E+09 

3.80 

1 . 1E+10 

4.80 

2.0E+10 

6.30 

3.8E+10 

8.30 

7.2E+10 

10.80 

1 .4E+11 

14.55 

2.7E+11 

19.55 

5 . 3E+1 1 

27.05 

1 .0E+12 

37.05 

1 . 9E+12 

52.05 

3.4E+12 

72.05 

5.2E+12 

94.55 

6 . 6E+1 2 

117.05 

7. 2E+12 

137.05 

7. OE+12 

154.55 

3.9E+12 

169.55 

4.4E+12 

182.05 

3. 2E+12 

139.55 

2.2E+12 

194.55 

1 . 7E+1 2 

i 97 . 05 

1 .2E+12 

199.30 

7.2E+11 

201.05 

4.0E+11 ■ 

202.30 

2.0E+11 ; 

203.05 

6.8E+10 i 

203.55 

1.2E+05 : 


25.02 25.27 

1.3E+16 3.6E+16 
5.1E+14 1.7E+15 
6. 1E+13 1 .4E+14 

1.1E+13 1.6E+13 
2.0E+12 2.2E+12 
3.5E+11 3.2E+11 
3.7E+10 2.1E+10 
7.1E+09 2.9E+09 
2.7E+09 2.0E+09 
1 . 1E+09 1 .0E+09 

5.6E+08 5.7E+08 
4.3E+08 4.4E+08 
4.7E+08 4.7E+08 
6.5E+08 6.4E+08 
.9 . 9E+08 9.8E+08 

1.5E+09 1.5E+09 
2.4E+09 2.3E+09 
3.7E+09 3.7E+09 
6.3E+09 6.2E+09 
1.1E+10 1.1E+10 
2.0E+10 2.0E+10 
3.8E+10 3.8E+10 
7.2E+10 7.2E+10 
1.4E+11 1.4E+11 
2.7E+11 2.7E+11 
5.3E+11 5.3E+11 
1.0E+12 1.0E+12 
1.9E+12 1.9E+12 
3.4E+12 3.4E+12 
5.2E+12 5.2E+12 
6.6E+-12 6.6E+12 
7.2E+12 7.2E+12 
7.0E+12 7.0E+12 
5.9E+12 5.9E+12 
4.4E+12 4.4E+12 
3.2E+12 3.2E+12 
2.2E+12 2.2E+12 
1.7E+12 1.7E+12 
1.2E+12 1.2E+12 
7.2E+11 7.2E+11 
4.0E+11 4.0E+11 
2.0E+11 2.0E+11 
6.8E+10 6.8E+10 
1.2E+05 1.2E+05 


26.02 33.52 

3.8E+16 4.5E+16 
1.9E+15 2.3E+15 
1.7E+14 2.1E+14 

1.9E+13 2.5E+13 
2.6E+12 3.5E+12 
3.9E+11 4.8E+11 
2.3E+10 2.5E+10 
2.7E+09 2.5E+09 
1.7E+09 1.6E+09 
1.1E+09 1.0E+09 

6.2E+08 6.2E+08 
4.6E+08 4.7E+08 
4.7E+08 4.8E+08 
6.4E+08 6.5E+08 
9 . 7E+08 9. 8E+08 

1.5E+09 1.5E+09 
2.3E+09 2.3E+09 
3.7E+09 3.7E+09 
6.2E+09 6.2E+09 
1.1E+10 1.1E+10 
2.0E+10 2.0E+10 
3.8E+10 3.8E+10 
7.2E+10 7.1E+10 
1.4E+11 1.4E+11 
2.7E+11 2.7E+11 
5.3E+11 5.2E+11 
1.0E+12 1.0E+12 
1.9E+12 1.9E+12 
3.4E+12 3.4E+12 
5.2E+12 5.2E+12 
6.6E+12 6.6E+12 
7.2E+12 7.2E+12 
7.0E+12 7.0E+12 
5.9E+12 5.9E+12 
4.4E+12 4.4E+12 
3.2E+12 3.2E+12 
2.2E+12 2.2E+12 
1.7E+12 1.7E+12 
1.2E+12 1.2E+12 
7.2E+11 7.3E+11 
4.0E+11 4.0E+11 
2.0E+11 2.0E+11 
6.8E+10 6.8E+10 
1.2E+05 1 .$£+05 
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63.52 88.52 

6.9E+16 9.2E+16 
3.6E+15 4.8E+15 
3.4E+144.5E+14 

4.1E+13 5.4E+13 
5.5E+12 6.9E+12 
6.7E+11 8.0E+11 
3.1E+10 3.4E+10 
2.5E+09 2.5E+09 
1.4E+09 1.3E+09 
1.0E+09 9.5E+08 

6.3E+08 6.3E+08 
4.8E+08 4.9E+08 
5.0E+08 5.2E+08 
6.7E+08 6.9E+08 
1 . 0E+09 1 .0E+0 9 

1.5E+09 1.6E+09 
2.4E+09 2.4E+09 
3.7E+09 3.8E+09 
6.2E+09 6.3E+09 
1.1E+10 1.1E+10 
2.0E+10 2.0E+10 
3.8E+10 3.8E+10 
7.2E+10 7.2E+10 
1.4E+11 1.4E+11 
2.7E+11 2.7E+11 
5.2E+11 5.3E+11 
1.0E+12 1.0E+12 
1.9E+12 1.9E+12 
3.4E+12 3.4E+12 
5.2E+12 5.2E+12 
6.6E+12 6.6E+12 
7.2E+12 7.2E+12 
7.0E+12 7.0E+12 
5.9E+12 5.9E+12 
4.4E+12 4.4E+12 
3.2E+12 3.2E+12 
2.2E+12 2.2E+12 
1.7E+12 1.7E+12 
1.2E+12 1.2E+12 
7.3E+11 7.3E+11 
4.0E+11 4.0E+11 
2.0E+11 2.0E+11 
6.8E+10 6.8E+10 
1.2E+05 1.2E+05 


113.52 146.02 

1.1E+17 1.1S+17 
5.6E+15 5.8E+15 
5.2E+14 5.4E+14. 

6.1E+13 6.4E+13 
7.7E+12 8.0E+12 
8.5E+11 8.6E+11 
3.4E+10 3.4E+10 
2.4E+09 2.3E+09 
1.2E+09 1.1E+09 
9 l 1E+08 8 . 9E+08_ 

6 . 3E+08 6.3E+08 
5.0E+08 5.1E+08 
5.3E+08 5 . 3E+08 
7.0E+08 7.1E+08 
1 . 0E+09_ 1 . OE+09_ 

1.6E+09 1.6E+09 
2.4E+09 2.4E+09 
3.8E+09 3.8E+09 
6 . 3E+09 6 . 3E+09 
1.1E+10 1.1E+10 
2.0E+10 2.0E+10 
3.8E+10 3.8E+10 
7.2E+10 7.2E+10 
1.4E+11 1.4E+11 
2.7E+11 2.7E+11 
5.3E+11 5.3E+11 
1.0E+12 1.0E+12 
1.9E+12 1.9E+12 
3.4E+12 3.4E+12 
5.2E+12 5.2E+12 
6.6E+12 6.6E+12 
7.2E+12 7.2E+12 
7.0E+12 7.0E+12 
5.9E+12 5.9E+12 
4.4E+12 4.4E+12 
3.2E+12 3.2E+12 
2.2E+12 2.2E+12 
1.7E+12 1.7E+12 
1.2E+12 1.2E+12 
7.3E+11 7.3E+11 
4.0E+U 4.0E+11 
2.0E+11 2.0E+11 
6 . 8E+10 6.8E+10 
1.2E+05 1.2E+05 


HOLE CONCENTRATION DISTRIBUTION - IL SOLAR CELL 
TERMINAL VOLTAGE- 0.40 V 


HOR-uM 25.00 
VER-uM 


0.00 

3.2E+08 

0.05 

1 . 7E+10 

0.10 

1.7E+11 

0.15 

1 .4E+12 

0.20 

8.6E+12 

0.25 

4.5E+13 

0.30 

3.0E+14 

0.37 

1 .3E+15 

0.47 

1.7E+15 

0.60 

1.7E+15 

0.75 

1.7E+15 

0.92 

1 .7E+15 

1 . 12 

1.7E+15 

1 1 35 

1.7E+15 

1.60 

1 .7E+15 

1.87 

1 .7E+15 

2.17 

1.7E+15 

2.55 

1 .7E+15 

3.05 

1.7E+15 

3.80 

1.7E+15 

4.80 

1.7E+15 

6.30 

1 .7E+15 

8.30 

1.7E+15 

10.80 

1.7E+15 

14.55 

1.7E+15 

19.55 

1 .7E+15 

27.05 

1.7E+15 

37.05 

1 .7E+15 

52.05 

1.7E+15 

72.05 

1 .7E+15 

94.55 

1.7E+15 

117.05 

1 .7E+15 

137.05 

1 .7E+15 

154.55 

1 .7E+15 

169.55 

1.7E+15 

182.05 

1.7E+15 

189.55 

1.7E+15 

194.55 

1 . 7E+15 

197.05 

1.7E+15 

199.30 

1.7E+15 

201.05 

1 .7E+15 

202.30 

1.7E+15 

203.05 

1.7E+15 

203.55 

1 .7E+15 


- 25.02 25.27 

8.4E+01 4.1E+00 
7.1E+05 7.9E+03 
1.7E+08 1.5E+06 
1.1E+10 1.4E+08 
2.9E+11 6.9E+09 
4 . 2E+12 2.0E+11 
7.9E+13 1.0E+13 
7.7E+14 3.0E+14 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 


26.02 38.52 

2.8E+00 8.0E+00 
4.7E+03 1.3E+04 
7.7E+05 1.9E+06 
6.6E+07 1.5E+08 
3.3E+09 6.6E+09 
9.8E+10 1.8E+11 
5.7E+12 8.9E+12 
2.1E+14 2.6E+14 
1.5E+15 1.5E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 


63.52 88.52 

1.6E+01 1.7E+01 
2.5E+04 2.8E+04 
3.5E+06 3.9E+06 
2.6E+08 2.8E+08 
1.1E+10 1.2E+10 
2.7E+11 3.0E+11 
1.2E+13 1.3E+13 
3.1E+14 3.2E+14 
1.5E+15 1.5E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 


113.52 146.02 

1.7E+01 1.6E+01 
2.8E+04 2.7E+04 
3.9E+06 3.8E+06 
2.8E+08 2.eE+08 
1.2E+10 1.2E+10 
3.0E+11 2.9E+11 
1.3E+13 1.3E+13 
3.1E+14 3.1E+14 
1.4E+15 1.4E+15 
1.7E+15 1.7E+15 
1.7E-H5 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7Efl5 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
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FT r 
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ELL 




i!T 
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HOFi 

:-aM 

25.00 

25 . 02 

25.27 

26.02 

39.52 

63.52 

88.52 

113.52 

146 

. 02 

VEF: 

-uM 









0 

. 00 

0.50 

0.56 

0.57 

0.54 

0.45 

0.44 

0.44 
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0 

.44 

0 

.05 

0.43 

- 0.46 
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0.45 
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0.35 
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0 

. 34 

0 

. 10 

0.37 

0.33 

0.41 

0.38 
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0.29 

0.29 

0.28 

0 

. 28 

0 

.15 

0.31 

0.32 

0.34 

0 . 32 

0.25 

0.24 

0.23 

0.23 

0 

. 23 

0 

.20 

0.26 

0.26 

0.29 

0.27 

0.21 

0.19 

0.19 

0.19 

0 

. 19 

0 

.25 

0.21 

0.22 

0.23 

0.22 

0.16 

0.15 

0.15 

0.15 

0 

. 15 

0 

.30 

0.16 

0.16 

0.17 

0.16 

0.12 

0.11 

0.10 

0.10 

0 

. 10 

0 

.37 

0 .11 

0.11 

0. 11 

0.10 

0.07 

0.07 

0.07 

0.06 

0 

.06 

0 

.47 

0.07 

0.07 

0.07 

0.06 

0.05 

0.04 

0.04 

0.04 

0 

. 04 

0 

.60 

0.05 

0.05 

0.05 

0.04 

0.03 

0.03 

0.03 

0.04 

0 

,04 

0 

.75 

0.03 

0.03 

0.03 

0.03 

0.03 

0.03 

0.03 

0.03 

0 

.03 

0 

.92 

0.02 

0.02 

0.02 

0.01 

0.01 

0.01 

0.02 

0.02 

0 

. 02 

1 

. 12 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

0 

o 

. 01 

1 

. 35 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

. 00 


. 60 

-0.00 

-0.00 

-0.00 

-0.00 

-0.00 

-0.00 

-0.00 

-0.00 

-0 

. 00 

- 

.87 

-0 . 00 

-0.00 

-0.00 

-0.00 

-0.00 

-0.00 

-0 . 00 

-0.00 

-0 

. 00 
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. 17 

-0.00 

-0.00 

-0.00 

-0.00 

-0.00 

-0.00 

-0.00 

-0.00 

-0 

. 00 

1 

.55 

-0.00 

-0.00 

-0.00 

-0.00 

-0.00 

-0.00 

-0.00 

-0.00 

-0 

. 00 

3 

. 05 

-0.00 

-0.00 

-0.00 

-0.00 

-0.00 

-0.00 

-0.00 

-0.00 

-0 

. 00 

3 

.80 

-0.00 

-0.00 

-0.00 

-0.00 

-0.00 

-0.00 

-0.00 

-0.00 

-0 

. 00 

4 

.80 

-0.01 

-0.01 

-0.01 

-0.01 

-0.01 

-0.01 

-0.01 

-0.01 

-0 

.01 

6 , 

. 30 

-0.01 

-0.01 

-0.01 

-0.01 

-0.01 

-0.01 

-0.01 

-0.01 

-0 

.01 

8. 

. 30 

-0.01 

-0.01 

-0.01 

-0.01 

-0.01 

-0.01 

-0.01 

-0.01 

-0 

. 01 

10. 

.80 

-0.01 

-0.01 

-0.01 

-0.01 

-0.01 

-0.01 

-0.01 

-0.01 

-0 

.01 

14. 

55 

-0.02 

-0.02 

-0.02 

-0.02 

-0.02 

-0.02 

-0.02 

-0.02 

-0 

. 02 

19 . 

55 

-0.03 

-0.03 

-0.03 

-0.03 

-0.03 

-0.03 

-0.03 

-0.03 

-0. 

.03 

27. 

05 

-0.03 

-0.03 

-0.03 

-0.03 

- -0.03 

-0.03 

-0.03 

-0.03 

-0 . 

. 03 

37 . 

05 

-0.04 

-0.04 

-0.04 

-0.04 

-0.04 

-0.04 

-0 . 04 

-0.04 

-0. 

, 04 

52 . 

05 

-0 . 05 

-0.05 

-0.05 

-0.05 

-0.05 

-0.05 

-0.05 

-0.05 

-0 . 

05 

72 . 

05 

-0 . 05 

-0.05 

-0.05 

-0.05 

-0.05 

-0.05 

-0.05 

-0.05 

-0 . 

05 

94. 

55 

-0 . 05 

-0.05 

-0.05 

-0 . 05 

-0.05 

-0.05 

-0.05 

-0.05 

-0 . 

05 

117 . 

05 

-0.05 

-0.05 

-0.05 

-0.05 

-0.05 

-0.05 

-0.05 

-0.05 

-0 . 

05 

137. 

05 

-0.05 

-0.05 

-0.05 

-0.05 

-0.05 

-0.05 

-0.05 

-0.05 

-0 . 

05 

154 . 

55 

-0.04 

-0.04 

-0.04 

-0.04 

-0.04 

-0.04 

-0.04 

-0.04 

-0 . 

04 

169. 

55 

-0 . 03 

-0.03 

-0.03 

-0.03 

-0.03 

-0.03 

-0.03 

-0 . 03 

-0 . 

03 

182 . 

05 

-0.03 

-0.03 

-0.03 

-0.03 

-0.03 

-0.03 

-0.03 

-0 . 03 

-0 . 

03 

189 . 

55 

-0.02 

-0.02 

-0.02 

-0.02 

-0.02 

-0.02 

-0.02 

-0.02 

-0 . 

02 

194. 

55 

-0.02 

-0.02 

-0.02 

-0.02 

-0.02 

-0.02 

-0.02 

-0.02 

-0 . 

02 

197 . 

05 

-0.01 

-0.01 

-0.01 

-0.01 

-0.01 

-0.01 

-0.01 

-0.01 

-0 . 

01 

199 . 

30 

-0.01 

-0 . 01 

-0.01 

-0.01 

-0.01 

-0.01 

-0.01 

-0.01 

-0. 

01 

201 . 

05 
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-0.01 

-0.01 

-0.01 

-0.01 

-0.01 

-0.01 
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-0 . 

01 

202. 

30 
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-0.00 

-0.00 

-0.00 

-0.00 

-0.00 

-0.00 

-0.00 

-0 . 

00 

203 . 

05 

-0 . 00 

-0.00 

-0.00 

-0.00 

-0.00 

-0.00 

-0.00 

-0.00 

-0 . 

00 

203 . 

5 5 

0.00 

0 . 00 
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0 . 00 
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00 
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80 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

0 . 

00 


71 


ORIGINAL PAGE IS 
OF POOR QUALITY 


ELECTRON CONCENTRATION - IL SOLAR CELL 


TERMINAL VOLTAGE- 0.50 V 
UNIT IN ELECTRONS PER CUBIC CM 


HOR-uM 25.00 25.02 25.27 26 02 

VER-uM 

0.00 3.1E+13~1.1E+16 3.2E+16 3.4E+16 

0.05 4.1E+14 3.0E+14 1.2E+15 1.4E+15 

0.10 3.6E+13 2.2E+13 7.0E+13 9.9E+13 

0.15 4.2E+12 2.8E+12 5.8E+12 9.1E+12 

0.20 8.9E+11 7.4E+11 9.0E+11 1.3E+12 

0.25 5.0E+11 4.7E+11 4.3E+11 4.9E+11 

0.30 4.8E+11 4.7E+11 4.2E+11 4.0E+11 

0.37 5.1E+11 5.0E+11 4.2E+11 3.5E+11 

0.47 4.8E+11 4.6E+11 3.5E+11 2.6E+11 

0.60 4.9E+11 4.9E+11 4.1E+11 3.3E+11 

0.75 3.9E+11 3.9E+11 3.9E+11 3 9E+11 

0.92 3.5E+11 3.5E+11 3.6E+11 3.9E+11 

1.12 3.9E+11 3.9E+11 4.0E+11 4 4E+11 

1.35 5.3E+11 5.3E+11 5.4E+11 5.7E+11 

1.60 7.8E+11 7.8E+11 8.0E+11 3.3E+11 

1.87 1.2E+12 1.2E+12 1.2E+12 1.2E+12 

2.17 1.8E+12 1.8E+12 1.8E+12 1.8E+12 

2.55 2.7E+12 2.7E+12 2.7E+12 2.7E+12 

3.05 4.2E+12 4.2E+12 4.2E+12 4.2E+12 

3.80 6.6E+12 6.6E+12 6.6E+12 6.7E+12 

4.80 1.1E+13 1.1E+13 1.1E+13 1 . 1E+13 

6.30 1.6E+13 1.6E+13 1.6E+13 1.6E+13 

8.30 2.4E+13 2.4E+13 2.4E+13 2.4E+13 

10.80 3.3E+13 3.3E+13 3.3E+13 3.3E+13 

14.55 4.3E+13 4.3E+13 4.3E+13 4.3E+13 

19.55 5.4E+13 5.4E+13 5.4E+13 5.4E+13 

27.05 6.5E+13 6.5E+13 6.5E+13 6.5E+13 

37.05 7.6E+13 7.6E+13 7.6E+13 7.6E+13 

52.05 8.7E+13 8.7E+13 8.7E+13 8.7E+13 

72.05 9.6E+13 9.6E+13 9.6E+13 9.6E+13 

94.55 1. OE+14 1.0E+14 1. OE+14 1.0E+14 

117.05 1.0E+14 1. OE+14 1. OE+14 1 . OE+14 

137.05 9.7E+13 9.7E+13 9.7E+13 9.7E+13 

154.55 8.8E+13 8.8E+13 8.8E+13 8.8E+13 

169.55 7.4E+13 7.4E+13 7.4E+13 7.4E+13 

182.05 6.0E+13 6.0E+13 6.0E+13 6.0E+13 

189.55 4.6E+13 4.6E+13 4.6E+13 4.6E+13 

194.55 3.7E+13 3.7E+13 3.7E+13 3.7E+13 

197.05 2.7E+13 2.7E+13 2.7E+13 2.7E+13 

199.30 1.8E+13 1.8E+13 1.8E+13 1 8E+13 

201.05 1.1E+13 1.1E+13 1.1E+13 1.1E+13 

202.30 5.5E+12 5.5E+12 5.5E+12 5.5E+12 

203.05 1.9E+12 1.9E+12 1.9E+12 1.9E+12 

203.55 1.2E+05 1 . 2E+05 1 . 2E+05 1 . 2E+05 


38.52 63.52 88.52 113.52 146.02 

2.0E+17 1.1E+18 1.9E+18 2.4E+18 2.6E+18 
9.3E+15 3.7E+16 5.3E+16 S.1E+16 6.4E+16 
8.4E+14 3.4E+15 4.8E+15 5.6E+15 5.8E+15 
1. OE+14 4.4E+14 6.3E+14 7.4E+14 7.8E+14 
1.6E+13 7.3E+13 1 . 1E+14 1 . 3E+14 1 4E+1^ 
3.5E+12 1.6E+13 2.3E+13 2.8E+13 3.0E+13 
7.5E+11 2.3E+12 3.3E+12 4.0E+12 4.2E+12 
3.1E+11 4.7E+11 6.0E+11 6.9E+11 7.2E+11 
2.7E+11 3.2E+11 3.6E+11 4.0E+11 4.1E+11 
3.9E+11 4.4E+11 4.8E+11 5.1E+11 5.1E+11 
4.8E+11 5.3E+11 5.6E+11 5.7E+11 5.8E+11 
4.5E+11 4.8E+11 4.9E+11 5.0E+11 5.0E+11 
4.7E+11 4.8E+11 4.9E+11 4.9E+11 4.9E+11 
6.0E+11 6.0E+11 6.1E+11 6.1E+11 6 1E+1 1 
8.5E+U 8.5E+11 8.5E+11 8.5E+11 8.6E+11 
1.2E+12 1.2E+12 1.2E+12 1.2E+12 1.2'E + l^ 1 
1.8E+12 1.8E+12 1.8E+12 1.8E+12 1.8E+12 
2.7E+12 2.7E+12 2.7E+12 2.7E+12 2.7E+12 
4.3E+12 4.3E+12 4.3E+12 4.3E+12 4.3E+12 
6.7E+12 6.7E+12 6.7E+12 6.7E+12 6.7E+12 
1.1E+13 1.1E+13 1.1E+13 1.1E+13 1.1E+13 
1.7E+13 1.7E+13 1.7E+13 1.7E+13 1.7E+13 
2.4E+13 2.4E+13 2.4E+13 2.4E+13 2.4E+13 
3.3E+13 3.3E+13 3.3E+13 3.3E+13 3.3E+13 
4.3E+13 4.3E+13 4.3E+13 4.3E+13 4.3E+13 
5.4E+13 5.4E+13 5.4E+13 5.4E+13 5.4E+13 
6.5E+13 6.5E+13 6.5E+13 6.5E+13 6.5E+13 
7.6E+13 7.6E+13 7.6E+13 7.6E+13 7.6E+13 
8.7E+13 8.7E+13 8.7E+13 8.7E+13 8.7E+13 
9.6E+13 9.6E+13 9.6E+13 9.6E+13 9.6E+13 
1.0E+14 1. OE+14 1.0E+14 1 . OE+14 1.0E+14 
1. OE+14 1. 0E+14 1. OE+14 1. OE+14 1. OE+14 
9.7E+13 9.7E+13 9.7E+13 9.7E+13 9.7E+13 
8.8E+13 8.8E+13 8.8E+13 8.8E+13 8.8E+13 
7.4E+13 7.4E+13 7.4E+13 7.4E+13 7.4E+13 
6.0E+13 6.0E+13 6.0E+13 6.0E+13 6.0E+13 
4.6E+13 4.6E+13 4.6E+13 4.6E+13 4.6E+13 
3.7E+13 3.7E+13 3.7E+13 3.7E+13 3.7E+13 
2.7E+13 2.7E+13 2.7E+13 2.7E+13 2.7E+13 
1.8E+13 1.8E+13 1.8E+13 1.8E+13 1.8E+13 
1.1E+13 1.1E+13 1.1E+13 1.1E+13 1.1E+13 
5.5E+12 5.5E+12 5.5E+12 5.5E+12 5.5E+12 
1.9E+12 1.9E+12 1.9E+12 1.9E+12 1.9E+12 
1.2E+05 1.2E+05 1 . 2E+05 1 . 2E+05 1 . 2E+05 
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lO CO t J t o 


ONC EffTE AT I ON DISTRIBUTION - IL SOLAR CELL 


TER" ! NAT, VOJ.TAO] 

HOR-uM 25.00 
VEP.-uM 

0.00 6.8E+06 

0.05 5.2E+08 

0.10 8.4E+09 

0.15 1.0E+11 

0.20 9.4E+1T 

0.25 6.9E+12 

0.30 7.3E+13 

0.37 4.2E+14 

0.47 1.1E+15 

0.60 1.7E+15 

0.75 1.7E+15 

0.92 1.7E+15 

1.12 1.7E+15 

1.35 1.7E+15 

1.60 1.7E+15 

1.87 1.7E+15 

2.17 1.7E+15 

2.55 1.7E+15 

3.05 1.7E+15 

3.80 1.7E+15 

4.60 1.7E+15 

6.30 1.7E+15 

Q . 30 1.7E+15 

10.80 1.7E+15 

14.55 1.7E+15 

19.55 1.7E+15 

27.05 1.7E+15 

37.05 1.7E+15 

52.05 1.7E+15 

72.05 1.7E+15 

94.55 1.7E+15 

117.05 1.7E+15 

137.05 1.7E+15 

154.55 1.7E+15 

169.55 1.7E+15 

182.05 1.7E+15 

189.55 1.7E+15 

194.55 1.7E+15 

197.05 1.7E+15 

199.30 1.7E+15 

01.05 1.7E+15 

02.30 1.7E+15 

03.05 1.7E+15 

03.55 1.7E+15 


> 0.50 V 

25.02 25.27 

1.5E+00 1.5E+00 
4.4E+03 8.2E+01 
2.2E+06 3.0E+04 
3.3E+08 5.5E+06 
2.2E+10 5.6E+08 
7.2E+11 3.2E+10 
3.2E+13 3.8E+12 
3.5E+14 1.3E+14 
1.0E+15 7.6E+14 
1.7E+15 1.6E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1 . 7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 


26.02 38.52 

1.5E+00 1.2E+02 
4.3E+02 2.4E+05 
1.1E+05 3.6E+07 
1.6E+07 2.8E+09 
1.3E+09 1.2E+11 
6.3E+10 2.6E+12 
5.5E+12 5.0E+13 
1.4E+14 3.6E+14 
7.4E+14 1.0E+15 
1.5E+15 1.5E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 


63.52 88.52 

2.3E+02 2.6E+02 
9.0E+05 1.4E+06 
1.3E+08 2.1E+08 
9.1E+09 1.4E+10 
3.2E+11 4.5E+11 
5.4E+12 6.8E+12 
7.3E+13 8.3E+13 
4.2E+14 4.5E+14 
1.1E+15 1.1E+15 
1.5E+15 1.5E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 


113.52 146.02 

2.7E+02 2.7E+02 
1.7E+06 1.9E+06 
2.6E+08 2.8E+08 
1.7E+10 1.8E+10 
5.3E+11 5.6E+11 
7.7E+12 8.0E+12 
8.9E+13 9.1E+13 
4.6E+14 4.6E+14 
1.1E+15 1.1E+15 
1.5E+15 1.5E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
1.7E+15 1.7E+15 
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